ABSTRACT
INTRODUCTION
Carboplatin produces an unusual pattern of damage in the chinchilla inner ear, characterized by early destruction of type I afferent fibers and preferential
The antineoplastic activity of platinum-based comloss of type I hair cells in the vestibular end organs pounds such as cisplatin and carboplatin, a secondand inner hair cells (IHCs) in the cochlea. In the generation cisplatin analog, makes them effective in present study, we investigated a potential role of calthe treatment of various types of cancers. However, pains, a family of calcium-activated proteases, in carthey can be cytotoxic to many normal tissues as well. boplatin ototoxicity. Chinchillas received carboplatin Severe toxic side effects, which can include peripheral (100 mg/kg IP) and were sacrificed 12, 24, 48, or 72 neuropathy and cumulative and irreversible ototoxih later for morphological evaluation or immunocytocity, are dose-limiting factors in their clinical use (Picchemistry. Nerve fibers and myelin were the initial cart et al. 1990; Schweitzer 1993; Go and Adjei 1999) . sites of increased calpain immunoreactivity (IR) and
The effects of carboplatin on inner ear morphology morphological damage. At 12 h, granular immunoreand function have been well-characterized in the chinactive puncta were present within nerve fibers and chilla (Takeno et al. 1994a, b; Wake et al. 1994 ; Mount their myelin sheaths in the spiral ganglion. Trautwein et al. 1996; Ding et al. 1997 ; habenula perforata, dense reaction product was pres- Hofstetter et al. 1997a , b, Ding et al. 1999b ). The initial ent in large vacuoles in the myelin surrounding the targets of carboplatin are the type I afferent fibers of nerve fibers. At 24 h, nerve fibers and myelin were vestibular ganglion neurons, which innervate type I destroyed in the habenula, and those in the spiral hair cells in the vestibular end organs, and those of ganglion showed increased calpain IR and morphologspiral ganglion neurons, which innervate inner hair ical damage. At 72 h, nerve fibers and myelin were cells (IHCs) in the cochlea. Sensory cell damage completely destroyed. Calpain IR was not a prominent occurs subsequent to neural damage. In the vestibular feature of IHCs, type I vestibular hair cells, or ganglion end organs, type I hair cells are more vulnerable than cells at any time after carboplatin. The results show a type II hair cells; in the cochlea, IHCs are more vulnercorrelation between calpain IR and carboplatinable than outer hair cells (OHCs). At low doses, carinduced axon and myelin degeneration. We propose boplatin preferentially destroys IHCs throughout the that calpain-induced axonopathy and myelinopathy cochlea, leaving OHCs morphologically and functionare primary features of carboplatin ototoxicity in ally intact. At high doses, carboplatin destroys OHCs chinchilla.
as well as IHCs, following a typical base-to-apex gradi- (Gemba et al. 1987; Aggarwal 1993) . In previous studies with carboplatin-treated chinchillas, we observed rapid disruption of mitochon-
Morphological procedures
dria in vestibular hair cells and the chalices beneath them (Ding et al. 1997 ) and increased activity of Cochleas of 15 animals were processed for counting hair cells and nerve fibers in the habenula perforata Ca 2+ -ATPase in IHCs (Ding et al. 1999a) . One potential consequence of mitochondrial disof the cochlea. For hair cell counts, cochleas were transferred from fixative to phosphate-buffered saline ruption and increased levels of Ca 2+ is activation of calpains, a family of cysteine proteases that have been (pH 7.4), dissected into apical, middle, and basal turn segments, and stained in Harris' hematoxylin solution. implicated in both cell death and synaptic repair processes (Bartus et al. 1995; Faddis et al. 1997; Stracher Stained segments were whole-mounted in glycerin on glass slides and examined using a light microscope 1997; Lee et al. 2000; Yamashima 2000) . Calpain has been shown to play a role in hair cell death following (400X magnification). The numbers of IHCs and OHCs were counted in successive 0.24 mm segments acoustic overexposure (Wang et al. 1999) , and it is plausible that it contributes to carboplatin ototoxicity along the organ of Corti, beginning at the apex. 
Calpain immunocytochemistry Fixation and dissection
Samples were rinsed with PBS and incubated in 0.3% H 2 O 2 for 30 min, then incubated in Triton X-100 Chinchillas were deeply anesthetized (sodium pentobarbital, 100 mg/kg, IP or CO 2 ) and either perfused (0.3%) and normal horse serum (10%) in PBS for 60 min. Tissues were incubated overnight in mouse intracardially with fixative or decapitated. The osseous bullae were quickly removed, and openings were made anticalpain small subunit monoclonal antibody (Chemicon International, Temecula, CA, USA). Westin the cochlear apex, round window, and oval window. A pipette was used to perfuse 2.5% glutaraldehyde in ern blot analysis of mouse brain tissue verified that the antibody labeled the small subunit, with expression and calpain IR in the cochlea at 12 h postcarboplatin ( Fig. 2) . Numerous small immunoreactive puncta of increasing substantially after 4 h of anoxia, a condition known to induce calpain activation (Yamashima 2000) .
uniform size and density were observed in the cytoplasm of nerve fibers in the spiral ganglion, and immuIn addition to prominent bands corresponding to the small regulatory subunit, a faint band appeared at noreactive puncta of more variable size and density were present in their myelin sheaths and within intraapproximately 110 kDa, corresponding to the nondissociated (inactive) heterodimer formed by the 30 kDa myelinic vacuoles ( Fig. 2A) . No calpain IR was visible in the cytoplasm of any cochlear ganglion cell. Myelin regulatory unit and the larger 80 kDa enzymatic subunit of calpain. There was little or no difference splitting and edema without calpain IR was observed in some ganglion cells ( Fig. 2A) . For both nerve fibers between normal and anoxic brain tissue in the intensity of the 110 kDa band. Because the small subunit is and spiral ganglion neurons, the innermost layers of myelin tended to be the initial sites of splitting and common to all calpains, it is not possible to specify the particular calpain(s) labeled in our samples.
vacuolization. The strongest calpain IR at 12 h postcarboplatin was Samples were rinsed in PBS, incubated in biotinconjugated, horse-antimouse IgG (1:100) for 60 min, observed in the habenula perforata (Fig. 2B ). Myelin sheaths were disrupted by large vacuoles containing rinsed again, and then processed according to instructions of the ABC kit (Vector, Burlingame, CA, USA ). myelin figures and calpain IR. Unlike the fine granular reaction product observed in the nerve fibers within Samples were subsequently incubated in 2.5% diaminobenzidine containing 3% H 2 O 2 fixed for 2 h in 1% the spiral ganglion ( Fig. 2A) , the reaction product in nerve fibers passing through the habenula perforata osmium tetroxide, washed in PBS, dehydrated in an ascending ethanol series, cleared in propylene oxide, was typically dense and confined to large vacuoles associated with the myelin sheaths. In the organ of Corti infiltrated overnight in 1:1 propylene oxide and Polybed 812 resin, then embedded in Polybed 812
( Fig. 2C ), efferent terminals appeared normal. Some afferent synapses beneath the IHCs were enlarged but resin. Ultrathin sections (70 nm) were observed using a transmission electron microscope without further intact. The bases of IHCs were often distorted by swollen afferent terminals, but no calpain IR was visible metal staining. As a control, several pieces of the basilar membrane were incubated with medium lacking within or around the hair cells at this time.
At 24 h, the number and size of vacuoles within the either the first or the second antibody and then processed through all of the other steps.
myelin surrounding the type I spiral ganglion cells and the peripheral processes of type I neurons had increased and there was some swelling of the neuron somata (data not shown). Increased swelling and vac-
RESULTS
uolization in the nerve fibers and occasional rupture of the plasma membrane were also observed. The myelin
Calpain immunoreactivity in normal ears
surrounding nerve fibers in the habenula was severely disrupted and myelin debris was dispersed throughout Three normal ears were processed for calpain immunolabeling. In these ears, hair cells (Fig. 1A) , Schwann the habenula, but only sparse calpain IR was observed at this time (Fig. 3) . In contrast to the dense reaction cells, nerve fibers, and myelin sheaths (Fig. 1B) , and spiral ganglion cells (Fig. 1C ) appeared morphologiproduct observed at 12 h (Fig. 2B) , the reaction product at 24 h consisted of fine granules, and these grancally normal. Calpain IR was absent from the IHCs and their supporting cells. A small number of immunoules were dispersed primarily among the layers of unraveled myelin rather than confined within large reactive puncta were observed in the myelin surrounding nerve fibers in the habenula perforata (Fig. vacuoles. In the organ of Corti, many afferent terminals had ruptured, distorting the basal pole of the 1B) and in the myelin surrounding some type I neurons in the spiral ganglion (Fig. 1C) . As shown in IHCs; however, no calpain IR was observed inside any IHC or OHC (data not shown). Figure 1 , the sparse reaction product in normal ears consisted of fine granules of various size and uniform At 48 h, the myelin of most type I neurons in the spiral ganglion was severely disrupted. Intramyelinic darkness that could represent "noise" in the immunostaining signal or the presence of nondissociated (inacvacuoles resulting from splitting of the myelin lamellae were commonly observed around type I ganglion cells tive) calpain.
( adjacent to the nerve fiber, even in a region of myelin that is split A Myelin in the spiral ganglion is split and edematous. Splitting (arrowheads) (original magnification 10,000ϫ). B Calpain IR in the and vacuolization are most prominent in the inner layers of myelin habenula perforata. Vacuoles (V, arrows) are found in myelin sheaths, surrounding type I spiral ganglion cells (SGN) and nerve fibers (NF).
inside nerve fibers, and in the Schwann cell processes surrounding Note the loop formed by the invagination of myelin into a vacuole them. Myelin figures and dense reaction product are present in most (V) in a nerve fiber sheath. Numerous fine granular immunoreactive vacuoles (original magnification 20,000ϫ). C The base of an inner puncta (arrows) are dispersed throughout the cytoplasm of nerve hair cell (IHC) is distorted by swollen afferent terminals (A), but no fibers and within their myelin sheaths. However, no calpain IR is calpain IR is visible within or around the hair cell at this time. Efferent present within the cytoplasm or myelin of the type I ganglion cell terminals (E) appear normal (original magnification 10,000ϫ).
FIG. 3.
Cochlear pathology and calpain IR in the habenula perforata 24 h after carboplatin. The myelin sheaths of nerve fibers are severely disrupted and myelin debris (arrowhead) is abundant in spaces between fibers. Fine granular immunoreactive puncta are associated with unraveled myelin and intramyelinic vacuoles (arrows) (original magnification 6700ϫ).
FIG. 4.
Cochlear pathology and calpain IR 48 h after carboplatin. tion 4000ϫ). B The habenula is filled with debris and sparse fine A Myelin and nerve fiber damage in the spiral ganglion is severe. granular immunoreactive puncta (arrows). Note abnormal nerve fibers The myelin surrounding the type I ganglion cell (SGN) is severely (NF) (original magnification 8000ϫ). C Calpain IR inside an inner disrupted by edema, splitting, and vacuolization (V). However, no hair cell (IHC) and adjacent inner pillar cell. Calpain IR is present in calpain IR is visible in the cytoplasm of the cell. Immunoreactive the cuticular plate and in some disrupted mitochondria (M). Extensive puncta (arrows) are dispersed throughout the cytoplasm of some nerve vacuolization (V) gives the cytoplasm a spongiform appearance (origifibers, and strong immunoreactivity is associated with their myelin nal magnification 14,000ϫ). sheaths and intramyelinic vacuoles (arrowheads) (original magnificawere abnormal or destroyed, and the spaces were filled persed through the cytoplasm of this cell, and the cytoplasm had a spongiform appearance due to the with debris and fine granular immunoreactive puncta (Fig. 4B) . Calpain IR was observed inside one IHC presence of numerous empty vacuoles. At 72 h, some ganglion neurons and IHCs appeared and its supporting cells at 48 h postcarboplatin. As shown in Figure 4C , immunoreactive puncta were disto be undergoing autolysis, and most nerve fibers in
FIG. 5. Cochlear pathology and calpain IR 72 h after carboplatin. layers of myelin in the habenula (original magnification 27,000ϫ). A Clusters of vacuoles (arrowheads) filled with dense reaction product
C Intense calpain IR and large cytoplasmic vacuoles in remnant of in the cytoplasm of a type I spiral ganglion neuron (SGN) that is an inner hair cell (IHC) in an advanced stage of autolysis. Note undergoing autolysis. Note loss of membranous infoldings in most damaged mitochondria (M) and the absence of a plasma membrane mitochondria (original magnification 14,000ϫ). B Granular immuno-(original magnification 20,000ϫ). reactive puncta (arrowheads) are dispersed throughout the unraveled the habenula perforata were destroyed. Clusters of vacuoles containing dense reaction product were observed in the cytoplasm of type I spiral ganglion neurons (Fig. 5A) , and granular immunoreactive puncta were dispersed throughout the debris in the habenula (Fig. 5B) . Calpain IR could be observed in many IHCs but in no OHCs at this time. In several IHCs undergoing autolysis, large vacuoles were associated with intense calpain IR (Fig. 5C ).
Morphological damage in the cochlea was quantified by counting the number of nerve fibers within the habenula perforata and the number of missing hair cells in the organ of Corti at 24, 48, and 72 h postcarboplatin. Nerve fiber and hair cell losses are Ϯ SD) nerve fibers per habenula in normal ears. This number decreased to 37.15 Ϯ 7.5 at 24 h postcarboplatin, representing a loss of approximately 50%. Nerve fibers continued to degenerate, with counts of description of the morphological damage in the vestibular system can be found in an earlier publication 27.70 Ϯ 6.3 fibers/habenula at 48 h and 15.70 Ϯ 4.3 fibers/habenula at 72 h. In contrast to the early loss (Ding et al. 1997) .
Calpain IR was observed in the nerve fibers and of nerve fibers, hair cell counts remained normal until 72 h postcarboplatin, when approximately 20% of myelin in all vestibular end organs (both maculae and three ampullae) 12 h after carboplatin. The afferent IHCs were missing. OHC counts were normal at 72 h. dendrites beneath the type I hair cells in the maculae of the utricle were swollen, and the chalice contained
Calpain immunoreactivity and morphological numerous vacuoles and immunoreactive puncta that damage in the vestibular system were remarkably uniform in size but variable in optical density (Fig. 7) . Many mitochondria in the afferent The data presented here show the pattern of calpain IR in the vestibular system after carboplatin. A detailed dendrites and hair cells contained vacuoles as a result Vacuoles lined with dense reaction product and containing immunolabeled debris were present in the shown). Strong calpain immunoreactivity was present in the disrupted myelin of vestibular nerve fibers, and cytoplasm of some vestibular ganglion neurons (Fig.  10 ). scattered immunoreactive puncta were visible in the nerve fiber cytoplasm (Fig. 8A) . Swollen vacuous mitochondria were present in the enlarged chalice region beneath type I hair cells with ruptured membranes DISCUSSION (Fig. 8B) . Calpain IR could be distinguished around and sometimes within the swollen mitochondria. Some
The data reveal a sequence of carboplatin-induced calpain IR was observed in the cytoplasm of a few type pathology in the inner ear that starts with nerve fibers I hair cells, but this was not a prominent feature. and myelin, progresses to involve type I hair cells and The myelin of vestibular ganglion cells was severely IHCs, and finally involves ganglion cell somata. The disrupted at 48 h. Myelin sheaths surrounding ganmorphological damage to nerve fibers and their glion cells were separated from the cell membrane at myelin sheaths was associated with increased calpain the intraperiod line, creating large empty spaces (Fig. immunoreactivity. This study is the first to identify 9A). Strong calpain IR was observed in the myelin myelinopathy as a primary feature of carboplatin otosheaths of nerve fibers adjacent to ganglion cell toxicity in the chinchilla and to show a link between somata, and immunoreactive puncta were dispersed calpain IR and carboplatin-induced inner ear damage. throughout the cytoplasm of the nerve fibers in the vestibular ganglion (Fig. 9A) . Intramyelinic edema and vacuolization were prominent in the myelin surSignificance of calpain immunoreactivity rounding vestibular nerve fibers, and fine granular immunoreactive puncta were dispersed among the The location and time course of calpain IR support a role of calcium-dependent proteases in the destruction myelin lamellae and in a few cytoplasmic vacuoles (Fig.  9B) . A few immunoreactive figures were present in of nerve fibers and myelin, but not hair cells, after treatment with carboplatin. A destructive role of calsome damaged type I hair cells. However, calpain immunoreactivity was not a prominent feature of vespain in carboplatin ototoxicity is consistent with its known proteolytic activities. As reviewed by Goll et al. tibular hair cells, even those undergoing autolysis (Fig. 9C) .
(1992) and Bartus (1997), calpain can activate or alter enzymes such as protein kinase C and phospholipase Many of the type I hair cells were in a state of
FIG. 8. Vestibular damage and calpain IR 24 h after carboplatin.
A Strong calpain IR in the disrupted myelin and vacuoles (V) of vestibular nerve fibers. Note the presence of fine granular immunoreactive puncta (arrows) in the nerve fiber cytoplasm (arrow at far right) (original magnification 10,000ϫ). B Abnormal mitochondria and numerous vacuoles are present at the base of a type I hair cell (HC). Because the plasma membrane of the hair cell has disintegrated, it is difficult to distinguish between the cell body and the chalice (C; region between arrows). Immunoreactive puncta can be distinguished around the swollen mitochondria (M) in the chalice region. Little or no calpain IR is discernible in the cytoplasm of the hair cell (original magnification 14,000ϫ).
C, cleave hormone receptors, and remodel or disasis compelling evidence of calpain's destructive potential. semble proteins, including cytoskeletal proteins (e.g., MAP 2, spectrin, tubulin, and neurofilament proteins)
The current data establish a relationship between calpain immunoreactivity and morphological damage and myelin proteins (e.g., myelin basic protein and myelin-associated glycoprotein). Calpain proteolysis in the chinchilla inner ear. Although we have no direct evidence that calpain caused morphological damage to may therefore compromise the integrity of phospholipid membranes and cytoskeletal proteins, disrupt celnerve fibers and their myelin, several indirect lines of evidence support this interpretation. The earliest signs lular transport mechanisms, degrade myelin, and impair cell signaling mechanisms. The ability of variof damage in nerve fibers and their myelin sheaths coincided with increased calpain IR. In the habenula ous calpain inhibitors, such as leupeptin, to reduce cell damage associated with noise exposure (Wang et perforata, severe disruption of myelin at 24 h (Fig. 3) was preceded by the appearance of dense calpain IR al. 1999) and a wide variety of neurodegenerative conditions (Bartus 1997; Bartus et al. 1995; Stracher 1997) in vacoules at 12 h (Fig. 2B) . Increased proteinase activity that promotes the breakdown of myelin basic endogenous myelin proteins can be inhibited by leupeptin. Calpain has been implicated in myelin destrucprotein is thought to be an initial step in several demyelinating diseases (Banik et al. 1985) . Banik et al. (1985) tion during optic neuritis in rats (Shields and Banik 1998; Shields et al. 1998) . Calpain inhibitors provided demonstrated that myelin-associated calpain is involved in the breakdown of myelin basic protein and significant protection against axonal degeneration after traumatic spinal cord injury (Bartus 1997). Since proteolipid protein, and that the degradation of myelin contains both calcium and calpain (Jortner recovery of dendrites. Brana et al. (1999) found that a calpain inhibitor could have either protective or toxic 2000), a reasonable hypothesis is that carboplatin disrupts fluid balance in myelin, leading to elevated levels consequences on ischemic damage to cultured hippocampus cells depending on when it is applied. Alof intra-and extracellular calcium that induces proteolysis.
though the current data support a direct role of calpain in the destruction of nerve fibers and myelin In contrast of a potential role of calpain in the destruction of nerve fibers and myelin, there is little and a nondestructive role of calpain in hair cells and ganglion cells, further studies are required to underevidence from our data that calpain is involved in carboplatin-induced hair cell loss or ganglion cell stand the physiological significance of calpain in the inner ear. death. First, calpain IR did not coincide with the onset of damage in these cells. Second, although calpain IR was present in some IHCs, type I hair cells, and ganMyelinopathy and axonopathy are primary glion cells at 48-72 h postcarboplatin, labeling was features of carboplatin ototoxicity in relatively sparse and weak, even in cells that were chinchilla clearly undergoing autolysis. Thus, it appears that cell death and ganglion cell death occur without signifiMorphological damage and increased calpain immunoreactivity were seen first in nerve fibers and their cant calpain involvement. Third, a previous set of experiments from our lab (Wang et al. 1999) implimyelin sheaths. Peripheral sensory neuropathy due to axonal degeneration and myelin breakdown is not cated calpain proteolysis in noise-induced OHC loss but not in carboplatin-induced IHC loss. In that study, uncommon in humans receiving high doses of cisplatin (Roelofs et al. 1984; Thompson et al. 1984) . leupeptin was infused into the right ears of chinchillas, while left ears served as controls. In one experiment, Roelofs et al. (1984) reported that 92% of their patients treated with cisplatin developed signs and chinchillas were exposed to traumatizing noise for 48 h. Intense calpain IR was present in and around OHCs symptoms of sensory peripheral neuropathy. Sural nerve biopsies in several patients confirmed axonal after noise exposure, and leupeptin provided significant (up to 60%) protection of OHCs. In the companand myelin degeneration. Thompson et al. (1984) argued that the primary damage from cisplatin is to ion experiment, chinchillas received leupeptin beginning four days prior to carboplatin. When hair the axon, with secondary breakdown of myelin. In our material, however, axonopathy and myelinopathy cell loss was determined one month later, the pattern and magnitude of IHC loss was very similar between occurred early in the degenerative process, but they appeared to be independent events. Cases in which leupeptin-treated ears (48% Ϯ 32) and control ears (48% Ϯ 17). The inability of leupeptin to protect IHCs damaged myelin surrounded normal nerve fibers and cases in which damaged nerve fibers were ensheathed from carboplatin is consistent with the current results showing weak calpain IR in IHCs only during the final by intact myelin were both observed. Myelinopathy and axonopathy similar to that stages of their degeneration. Interestingly, leupeptin was recently found to be ineffective in protecting audicaused by carboplatin in the present study are features associated with other exogenous toxins (e.g., chronic tory hair cells and spiral ganglion neurons from cisplatin-induced damage in culture (Cheng et al. 1999) .
dietary copper poisoning, triethyltin, tellurium, hexachlorophene) and some demyelinating diseases. InterTaken together, the data suggest that the death of IHCs and ganglion cells is triggered by mechanisms estingly, many of the agents that produce intramyelinic vacuoles similar to those seen in the present study other than calpain activation. It will be interesting in future studies to see if leupeptin can protect nerve are known to uncouple oxidative phosphorylation in mitochondria (Obermaier et al. 1995) . Because morfibers and myelin from damage in preparations from adult animals in which myelin is present.
phological similarities could point to common underlying mechanisms, it may be worthwhile to consider One hypothesis to account for an involvement of calpain in the destruction of nerve fibers and their two other metal-induced myelinopathies here. Triethyltin poisoning in rabbits produces a similar myelin, but not IHCs or ganglion cells, is related to the timing and magnitude of calpain activation. Calpain myelinopathy to that seen here, in which large clefts and vacuoles are enclosed or lined by layers of myelin might trigger cell death mechanisms only after some threshold level of activation has been reached. In low (Aleu et al. 1963) . The myelin surrounding the vacuoles was generally intact, even when it was markedly quantities, calpain may participate in processes aimed at repair and recovery rather than destruction, as sugelongated to surround large, irregular spaces. Myelin splits and edema were observed in all poisoned anigested by several recent studies. Faddis et al. (1997) produced sublethal injury in cultured cortical neurons mals. The route by which fluid entered the spaces was not evident, but Aleu et al. (1963) suggested that by exposing them to a glutamate receptor agonist. Surprisingly, calpain inhibitors impeded spontaneous myelin breakdown altered the osmotic conditions to
